Atopic dermatitis (AD) is a common inflammatory skin disease caused by multiple genetic and environmental factors. AD is characterized by the local infiltration of T helper type 2 (Th2) cells. Recent clinical studies have shown important roles of the Th2 chemokines, CCL22 and CCL17 in the pathogenesis of AD. To investigate whether polymorphisms of the CCL22 gene affect the susceptibility to AD, we conducted association studies and functional studies of the related variants. We first resequenced the CCL22 gene and found a total of 39 SNPs. We selected seven tag SNPs in the CCL22 gene, and conducted association studies using two independent Japanese populations (1 st population, 916 cases and 1,032 controls; 2 nd population 1,034 cases and 1,004 controls). After the association results were combined by inverse variance method, we observed a significant association at rs4359426 (meta-analysis, combined P = 9.6610
Introduction
Atopic dermatitis (AD) is a pruritic and chronically relapsing inflammatory skin disease involving disturbed skin barrier functions, cutaneous inflammatory hypersensitivity and defects in the antimicrobial immune defense with a strong genetic background [1] . Predominant infiltration of Th2 cells is a hallmark of acute atopic AD skin lesions [2] . Most patients with AD have peripheral blood eosinophilia and increased serum IgE levels, which are reflected in an increased frequency of peripheral blood skin-homing Th2 cells producing IL-4, IL-5 and IL-13 [1] . C-C motif chemokine 22 (CCL22) and CCL17 are high-affinity ligands for CC-chemokine receptor 4 (CCR4) and induce selective migration of Th2 cells [3] . CCL22 plays a crucial role in controlling the trafficking of Th2 cells into sites of allergic inflammation and is considered to be involved in the pathology of AD [4] . Keratinocytes from patients with AD highly express thymic stromal lymphopoietin (TSLP), and CCL22 is produced by TSLP-treated dendritic cells [5] . CCL22 is upregulated in lesional atopic dermatitis skin compared with healthy skin [6] , and keratinocytes in the epidermal layer of AD skin express CCL17 and CCL22 [7] . Serum levels of CCL22 in AD patients are significantly higher than those found in normal controls [8] , and the levels correlate positively with disease severity in AD patients [9] . Strong positive correlations between the levels of CCL17, CCL22, and total IgE in serum of patients with AD and SCORing Atopic Dermatitis (SCORAD) have also been reported [10] . Another study reported that overproduction of IgE induced CCL22 secretion from basophils, which are essential for IgEmediated chronic allergic dermatitis [11] . These findings prompt- ed us to conduct an association and functional study to test whether genetic variations of CCL22 contribute to AD susceptibility.
Several association studies using genetic variants of genes CCL17 and CCR4 in the CCR4 pathway have been conducted to discover genetic components in the pathogenesis of atopic dermatitis [12, 13] . A promoter polymorphism of CCL17, -431C.T, increases the promoter activity and the 431T allele influences higher serum levels of CCL17 [12] , but genetic variants in the CCL17 gene are not associated with susceptibility to AD. A recent study also reported that C1014T polymorphism in the CCR4 gene was not associated with AD [13] . However, those studies were performed with small sample sizes and without replication studies. Genetic study of the CCL22 gene has not been conducted.
In this study, we focused on the CCL22 gene, resequenced the gene regions including all exons and introns, and carried out linkage disequilibrium mapping. We performed an association study using two independent populations and functional analyses of the related variants.
Results

Polymorphisms of the CCL22 gene and LD mapping
We identified a total of 39 polymorphisms (Table 1) . We next performed linkage disequilibrium (LD) mapping and calculated pairwise LD coefficients D9 and r 2 among the 34 polymorphisms with MAF.10% using the Haploview 4.2 program (Figure 1 ). Seven tag SNPs were selected for association studies using tagger in Haploview 4.2, and these polymorphisms captured 34 of the 34 alleles with a mean r 2 of 0.990 (r 2 .0.82). The HapMap JPT database contains genotype data for six SNPs with MAF.10% in the region (data not shown). The SNPs examined in this study covered all six SNPs shown in the HapMap JPT database.
Association of CCL22 SNPs with susceptibility to atopic dermatitis
We recruited 916 cases and 1,032 control subjects for the 1 st population and 1,034 cases and 1,004 control subjects for the 2nd population, respectively (Table 2) . We genotyped seven tag SNPs and all genotype frequencies are shown in Table 3 . The rs4359426 (A2D) SNP was associated with AD under an additive genotype model by logistic regression analysis in the first population (P = 0.0072; OR, 0.77; 95% CI, 0.64-0.93) ( Table 3 ). In a replication study, rs4359426 was also associated with AD in the second population (P = 0.00037; OR, 0.71; 95% CI, 0.59-0.86) ( Table 3 ). The direction of association of the SNP was similar in both of the populations. We combined the results using inverse variance method, and observed a significant association at rs4359426 (meta-analysis, P = 0.0000096; OR, 0.74; 95% CI, 0.65-0.85) ( Table 3) . We next performed further mapping analyses using two genetic variants, rs170360 and rs223823. The two SNPs were selected from among SNPs that were in strong LD (r 2 .0.87) with rs4359426 ( Figure 2 ). Among the three variants, the strongest association was observed at rs4359426 ( Table 4) .
Contribution of 59UTR rs4359426 SNP to mRNA expression levels of CCL22
Next, using allele-specific transcript quantification (ASTQ), we evaluated whether the related variants could affect the mRNA expression level in EBV-transformed lymphoblastoid cells. As rs4359426 was located at the 16th nucleotide from the 59 end of the CCL22 gene (NM_002990.3), we were not able to design primers of the SNP for ASTQ analysis. We therefore designed PCR primers to encompass a SNP in the 39-UTR of CCL22 (rs170360) that was in strong LD with rs4359426 ( Figure 3A) . We isolated total RNA from 24 cell lines that were heterozygous with rs170360, and genomic DNA was used as a control for equal biallelic representation. Predicted haplotype frequencies are shown in Figure 3B . The ratio of PCR products was approximately 1.6 for cDNAs and 1.0 for genomic DNA from 21 subjects who were heterozygous for rs4359426 ( Figure 3C, left panel) ; however, such Figure 2 . Pairwise linkage disequilibrium (r 2 ) among eight SNPs in strong LD with rs4359426 in 94 control subjects. Two tag SNPs, rs170360 and rs223823, were selected for further association study. Underlined SNPs were examined. doi:10.1371/journal.pone.0026987.g002 differences were not observed in cells from three subjects who were homozygous for the C allele at rs4359426 ( Figure 3C, right panel) . These results implied an effect of rs4359426 and/or variants in strong LD with rs4359426 on mRNA expression levels of CCL22. rs4359426 and rs170360 are in absolute LD in the HapMap Caucasian populations. We further examined the expression patterns of rs4359426 and rs170360 using Genevar 3.0.2 dataset, and confirmed that the expression patterns were similar to our findings (data not shown).
Transcription factor binding to the rs223821 SNP As rs4359426 was in absolute LD with rs170359, rs223821 and rs72030112 (n = 94) (Figure 2) , we further examined the allelic differences of these three SNPs in the binding of nuclear proteins by electrophoretic mobility shift assay (EMSA). We could not find any specific binding of nuclear factor(s) to oligonucleotides containing rs170359 and rs72030112. However, we observed that the signal intensity of the DNA-protein complex derived from the G allele of rs223821 was higher than that from the A allele in the presence of THP-1 nuclear extract stimulated with LPS (1 mg/ml) (Figure 4) . We confirmed that the complex was diminished by an excess amount of a non-labeled allele-specific competitor probe (Figure 4 ). This result suggested that an unidentified nuclear factor(s) interacted with the genomic region at intron 2 of CCL22 and the SNP might have an allele-specific effect on expression through varying affinity for a transcription factor.
Discussion
CCL22 plays an important role in the recruitment of Th2 cells into the inflammatory lesions of Th2-related diseases such as AD [14] . A recent study reported upregulation of CCL17, CCL18 and CCL22 expression in patients with AD, and suggested that the disease-specific chemokines might recruit specific memory T-cell subsets into the skin [15] . The plasma levels of CCL22 are significantly elevated in AD patients, and the values strongly correlate with disease severity [7, 10] . We identified and replicated the rs4359426 (A2D) variant of CCL22, which was significantly associated with AD. rs4359426 is a non-synonymous SNP and causes an amino acid substitution in the signal peptide-encoding region. We examined the influence of the amino acid substitution on the structure using SIFT (Sorting Intolerant From Tolerant) software, and the substitution at position 2 from Ala to Asp was predicted to be tolerated. In addition, no possible impacts of the amino acid substitution on the structure and function of CCL22 were predicted by PolyPhen-2 (polymorphism phenotyping v2).
Functional analyses of the related variants of CCL22 polymorphisms showed that the susceptible allele of rs4359426 might be involved in higher mRNA expression in ASTQ analysis. We confirmed that the expression patterns from Genevar 3.0.2 dataset were similar to our findings. We also demonstrated that the genomic fragment including the risk allele of rs223821 had much higher binding affinity to the nuclear factor(s). Although it is unclear whether higher mRNA expression is influenced by altering expression enhancer activity or mRNA stability, polymorphisms in the CCL22 gene appear to be a genetic component of the pathologic mechanisms leading to atopic dermatitis, putatively via increased CCL22 mRNA expression.
Genetic studies reveal underlying cellular pathways, and in some cases, point to new therapeutic approaches. A recent study using a humanized model of asthma showed a critical role for DCderived CCL17 and CCL22 in attracting Th2 cells and inducing airway inflammation [16] . In the study, administration of a CCR4-blocking antibody abolished airway eosinophilia, goblet cell hyperplasia, IgE synthesis and bronchial hyperreactivity [16] . IL-13 is an important mediator of Th2 immune responses, and there many IL-13-positive cells in AD skin lesions [17] . A recent study has shown that IL-13 induces a significant increase in the expression of CCL22 in human keratinocytes, and blocking of CCL22 in IL-13-stimulated cells results in 70-90% inhibition in migration of CD4+CCR4+ T cells [18] . These findings suggest that targeting the CCL22/CCR4 pathway might be therapeutically efficacious as a new treatment for atopic dermatitis.
The involvement of CCL22 has been reported in several immune-mediated diseases. A recent study has shown by immunohistochemistry that CCL22 is not expressed in normal skin and is markedly expressed in the lesions of atopic dermatitis, allergic contact dermatitis, and psoriasis vulgaris [19] . Another report has shown that CCL22 is present within the synovial membrane in rheumatoid arthritis and osteoarthritis patients and in high amounts in the synovial fluid of patients with rheumatoid arthritis and psoriatic arthritis [20] . To examine whether the functional SNPs found in this study are associated with those diseases will be needed for understanding of the interconnectivity of the molecular mechanisms underlying distinct diseases.
In summary, we found a significant association between susceptibility to AD and polymorphisms affecting CCL22 expression in Japanese populations. Our findings strongly support the important role of CCL22 in AD. Although the effect of the nonsynonymous SNP on protein function remains unclear, it is likely that related variants play a role in susceptibility to AD in a gain-offunction manner. Further functional analyses and replication studies in other populations are needed; however, our findings provide insights into the pathophysiology of AD.
Materials and Methods
Subjects
A total of 1,950 case subjects with AD were recruited from several hospitals as described [21] . Case subjects in a second population were obtained from the BioBank Japan [22] . All case subjects were diagnosed according to the criteria of Hanifin and Rajka [23] . A total of 1,032 control volunteers in the first set who had no history of AD were recruited by detailed physicians' interviews. For the second set, a total of 1,004 controls who had never been diagnosed with AD were recruited during their annual health checkup in the University of Tsukuba (Table 2 ). All individuals were Japanese and gave written informed consent to participate in the study. This research project was approved by the ethics committees at the Institute of Medical Science, the University of Tokyo and the RIKEN Yokohama Institute.
Resequencing of the CCL22 gene and genotyping
We first resequenced the CCL22 region to identify genetic variations using DNA from 12 subjects with AD. We surveyed the gene from 3 kb of the 59 flanking region to a 1 kb continuous 39 flanking region of the last exon on the basis of genomic sequences from the NCBI database (NC_000016.9). The PCR product was reacted with BigDye Terminator v3.1 (Applied Biosystems), and sequences were assembled and polymorphisms identified using the SEQUENCHER program (Gene Codes Corporation, Ann Arbor, MI).
Genotyping of the seven SNPs in CCL22 was performed by the TaqMan TM allele-specific amplification (TaqMan-ASA) method (Applied Biosystems) and multiplex-PCR based Invader assay (Third Wave Technologies).
Allele-specific transcript quantification (ASTQ)
We conducted allelic expression analyses by TaqMan assay using SNP genotyping probes as described [24] . EBV-transformed lymphoblastoid cells were obtained from the Health Science Research Resources Bank of Japan. Genomic DNA was used as a control for equal biallelic representation. The allelic ratio for each cDNA and genomic DNA was measured.
Electrophoresis Mobility Shift Assay
EMSA was performed using nuclear extracts from THP-1 cells stimulated with LPS (1.0 mg/ml) for 1 hour. DIG-labeled oligonucleotides corresponding to the G allele (lanes 1-5) and A allele (lanes 6-10) were used as probes. The oligonucleotide sequences were 59-ATCGCCTGAACCCGGGAGTTGGAG-GTT for the G allele and 59-ATCGCCTGAACCCAG-GAGTTGGAGGTT for the A allele. For competition, a 100-fold excess of unlabeled G or A allele oligonucleotides or unrelated oligonucleotides (Un) (TFIID) was used.
Statistical analysis
We calculated allele frequencies and tested agreement with Hardy-Weinberg equilibrium using a chi-square goodness-of-fit test. We then compared differences in the allele frequencies between case and control subjects by logistic regression analysis under an additive model and calculated odds ratios (ORs) with 95% confidence intervals (CIs). Results for the 1st and 2nd populations were combined by fixed effect inverse-variance method using GenomeWide Association Meta Analysis (GWAMA, http://www.well.ox. ac.uk/gwama/tutorial.shtml) [25] . We applied Bonferroni corrections, the multiplication of P values by the number of variants investigated. Corrected P values of less than 0.05 were judged to be significant. The expression patterns of SNPs were obtained from Genevar (GENe Expression VARiation) 3.0.2 (Wellcome Trust Sanger Institute). We examined the influence of amino acid substitution on the structure using SIFT software (http://sift.jcvi. org/) and PolyPhen-2 (polymorphism phenotyping v2) (http:// genetics.bwh.harvard.edu/pph2/).
